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This investigation is a part of the study conducted at the Institute 
of Gas Technology (1,2,4,5,6,7,9,10,11) to obtain the necessary infor- 
mation for designing an efficient coal hydrogasification plant. A thor- 
m g h  literature search reveals that there is no reported data on the 
heat 3f reaction of hydrogen and coal. Therefore, two calorimeters were 
desisned, constructed, and operated, one to measure the heat of reaction 
m d  the other to meesure heat capacity by the drop method. The heat-of- 
reaction calorimeter can be operated at temperatures up to 1500'F and 
pressures up to 1500 psia; the drop calorimeter operates at atmospheric 
pressure and temperatures up to 1500°F. This paper reports the results 
of the following investigations : 

1. The heat of reaction of hydrogen with coals 
and coal chars after various degrees of gasi- 
fication. 

2. The heat of reaction of coa1,pretreatment. 

3 .  The heat capacity of coals and coal chars. 

APPARATUS 

The heat-of-reaction calorimeter built by Dynatech Corporation is 
shown in Figure 1. The sample is placed in the upper portion of the 
neck which is cold. The calorimeter body is filled with hydrogen and 
heated. The temperature of the calorimeter body is measured by foi2 
thermocouples and two platinum resistance thermometers. The sample is 
lowered into the body after the temperature has remained steady for 2 
hours. The change in temperature due to a reaction is then measured as 
a function of time. 

The drop calorimeter, which was also built by Dynatech, is shown in 
Figure 2 .  The sample is placed in the top f'urnace until it reaches the 
desired temperature. It is then dropped into the copper receiver,and 
the heat capacity of the sample is determined from the temperature rise 
and heat capacity of the copper receiver. 

EXPERIIQCNTAL FESULTS 
' J  
I' The major problem encountered in determining the heat of coal reac- 

tisns at high temperature and high pressure is prereaction, since coals 
1 Ceconpose when heated. Meaningful results can be obtained only if the 
A' czal and hydro&en react at conditions at which the desired temperature 
I and pressure are stabilized. Therefore, the method of introducing the 

sayple t2 the reaction conditions is critical. The coal must not react I befsre the conditions are set, and the pressure must not be disturbed 
!: 

when the coal is introduced. 

1 '  * Dynatech Corp. , Cambridge, Massachusetts. 
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The present method i s  t o  keep the  sample a t  room temperature ins ide  
t h e  ca lwimeter  drop tube so that t h e  reac t ion  will not take  place pre- 
maturely. 
:rm convect im and t o  ensure tha t  the.sample i s  i n  a cold zone while 
L..c ce l? r i ze t e r  i s  being s t a b i l i z e d  a t  the  reac t ion  cmciit ions.  

order t o  ca lcu la te  t he  heat  of reac t ion  from experimental 'data. The 
imzt b?Jance i s  bes t  expressed by: 

Convectim sh ie lds  are i n s t a l l e d  t o  prevent a la rge  heat loss 
L l  

Establ ishing ki heat balance around the  calorimeter w a s  necessary i n  

- 
where: AHR = heat of reac t ion  

' !I, = heat input  from t h e  neck heater  i n  
m = mass 

C = heat  capaci ty  P 
AT = temperature change 

chain 

(1) 

\ 

\s 

3?c!i term i n  Equation 1 must be e i t h e r  es tabl ished by ca l ib ra t ion  or 
acccra te ly  measured. The heat  capaci ty  of t he  calorimeter metal was de- 
tr'rixined i n  the drop calor imeter .  These da t a  a r e  shown i n  Figure 3 ,  

The e f f ec t ive  nCp o f  t h e  reac t ion  calorimeter w a s  ca l ibra ted  by a 
constant-heet-input technique i n  a hydrogen atmosphere a t  1000 ps i a  and 

After t he  Calorimeter constants  were determined, t he  e f f ec t ive  (mCpdT)'s 
o f  t he  convection sh ie ld ,  the  chain, and the  empty sample basket were 
cz l ibra ted  i n  t h e  calor imeter  t o  determine the  change of heat input wjth 
ti-", as shown i n  Equation 2 :  

,-*' 

4 ,~~.?cratures q-, from 840° t o  1460°F. The r e s u l t s  are presented i n  Figure 4. jy 

r 

where : K(A) = a constant dependent only on time 
4 = t i m e  

Combining Equations 1 and 2, we have: 

Eq-dation 3 was used t o  ca l cu la t e  t h e  heat-of-reaction da ta  reported i n  
t h i s  paper. 

\ 
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Design of a hydrogasif icat ion $??ant requi res  data on t h e  hea ts  of I reac t ion  of r a w  coal  i n  the coa l  pretreatment process, t h e  pre t rea ted  
Coal i n  the  low-temperature gas i f i e r ,  t he  residue from the  low-tempera- 

' I  t w e  g a s i f i e r  i n  t h e  high-temperature gas i f i e r ,  and t h e  residue from / iA? high-temperature g a s i f i e r  (4,6). The heat-of-react ion and heat capa- 
c i t y  measurements are given in Tables 1 and 2.  Figure 5 shows t h e  tem- 

j perature  and pressure p r o f i l e s  of a t y p i c a l  experimental m. 

DISCUSSION 
> Unt i l  now, the heat of the coa l  hydrogasif icat ion reac t ion  has only 

been determined by ca lcu la t ion .  

t o  check the v a l i d i t y  of t h e  ca lcu la ted  da ta .  

These ca lcu la t ions  have become more 
c Precise  as more da ta  became avai lable ,  but no measurements were made 
J 

/ I n i t i a l l y  ( i n  the absence of accurate  p i l o t  plant  yield data), t h e  
, :;eat of reac t ion  was estimated by assuming that coal  and carbon were ,, ewiva len t  and t h a t  the hydrogasif icat ion reac t ion  could be approxi- 

:-ited. by (j, 8 )  : 

i' C + 2H2 - CHq 
' This approach, of course, i s  very crude and could not be expected t o  

f r ial  e f f i c i enc ie s  of various gas i f i ca t ion  processes. 

'heat of reac t ion  from the heats of combustion of t he  r eac t an t s  and pro- 
, 'ducts. The heats of combustim of var ious coals  could be obtained by 

a Parr-bomb calorimeter o r  ca lcu la ted  by the modified Dulong formula. 
'But i f  one attempts t o  ca lcu la te  the heat of reac t ion  of hydrogen and 

7 coal  from heats of combustion, there axe two drawbacks. 
)cause t h e  ca lcu la t ion  involves taking t h e  differences of l a rge  numbers 

of the  same order of magnitude, chemical analyses of a l l  r eac t an t s  and 
1 products must be v e r y  accurate  and p i l o t  material balances must be quite 
) c l m e  t o  100 percent o r  else the  balance must be forced. If  t h i s  i s  
i /not the case, large e r r o r s  can be made i n  this  calculat ion.  

the ca lcu la ted  heat of reac t ion  dependent on the  qua l i ty  of the analy- ' t i c a l  data and on the  method used t o  force  t h e  balance. 
'drawback is  that the  ca lcu la ted  heat o f  reac t ion  i s  determined f o r  25'C, 
9 so no information i s  obtained on the reac t ion  heat a t  a c t u a l  r eac t ion  
' temperatiires. 

, of cc',irse, i f  the heat of r eac t ion  could be determined at one t e m -  
perature,  the heat of reac t ion  at  various temperatures could be cal- 

I c u l a t e d  from heat  capaci ty  data. Some heat capacity da ta  are ava i l -  
able i n  the literature f o r  coals  and cokes, but  none a re  ava i lab le  f o r  

' t h e  p a r t i c u l a r  coals  used here. Moreover, the measurement methods 
',u'sed so far are not very accurate .  In  most cases the gaseous decom- , pos i t i on  products were allowed t o  escape from the calorimeters during 
I coal  hcatup, and, consequently, the heat  capacity data are rather 
, douhtP,l. 

2 
from the  heat of  formation data f o r  C + 2H2 - CH4 and the p i l o t  p lan t  

ddata,with t h a t  obtained from the calor imetry s tudies  is  shown i n  Fig- 
J WE c. Iiote that the  p i l o t  p lan t  data were based on a 77'F reference 

give a r e l i a b l e  answer, but i t  could be usef'ul fo r  comparing the ther- 

The next approach, using p i l o t  p lan t  data ( 7 ) ,  w a s  t o  ca l cu la t e  the  

F i r s t ,  be- 

This makes 

The second 

v 

\ 

A c o n p r i s o n  of the  heats of reac t ion  of hydrogen and coa l  obtained 

i 

J 
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‘c erperature,  while the present  experimental data were obtained a t  op- 
ereti:i; conditions. Noreover, the experimental data were obtained from 
coa l s  a t  four d i f f e r e n t  s tages  of react ion:  r a w  coal, pretreated coal, 
lw- t emperature g a s i f i c a t i o n  residue, and high- t emperature gas i f i ca t ion  
residue.  Ash balances were used t o  put these r e s u l t s  on a common basis .  
The ash balance ca l cu la t ions  gave t h e  percent of carbon gas i f i ed  i n  
each c D a l  or char .  Raw coa l  was as swed  t 3  have 0 s  carbon gasif ied.  
7 - L ~ s  Figure 6 shows t h e  general  trend of the  heat of react ion.  

Accurate heat-sf-react ion da ta  a r e  given i n  Table 1. Although the  
p i l o t  p l an t  data a r e  considerably scat tered,  the average value i s  not 
tm d i f f e r e n t  from that obtained by the  other  methods. The calorime- 
t r y  da t a  a l s o  show some sca t te r ing ,  which i s  due t o  the  hetemgeneous 
nature  of the  mal, and t h e  cha rac t e r i s t i c s  of the calorimeter and the 
s e n s i w  instruments. Examinations of the temperature measurement, the 
pressure measurement, the  temperature d i s t r i b u t i o n  i n  the  calorimeter, 
the  t o t a l  mass balance, and the ca l ib ra t ion  r e s u l t s  obtained from the  
cmstant -hea t - input  method and experimental runs on hydrogen and 2- 
aecane react ions ind ica t e  that the  data reported i n  Table 2 should not 
::zve T: deviation g rea t e r  t h a n  10%. 

This work i s  j o i n t l y  sponsored by the American Gas Association and 
tile U.S. Department of the  In te r ior ,  Office of Coal Research. Their 
suppopt is g r a t e f i l l y  acknowledged. Valuable advice and discussions 
riere provided by Drs. B. S. Lee, S. A. Weil, and C.  W. Solbrig of the 
I n s t i t u t e  of Gas Technology. J. R. WSando a s s i s t e d  i n  the experimen- 
t a l  :.:3rl.;. 
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Proximate Analysis, wt $ 

' Fixed Carbon , 

Moisture 
Vo lat i les 

Ash 
Total  

n t i m t e  Analysis, w t  % 
Cerbon 
Hydrogen 
Nitrogen 
Oxygen 
Sulrur 
Ash . 

Total  
Reactyon Temperature, OF 
Reaction Pressure,  p s i a  
Coal Reacted (Av J ,  % 
Carbon Gasified YAvg), % 
Avg AHR, Btu/lb coa l  

rkacted 

Table 1. ANAE$SIS OF COATl AND COAL CHARS 

\ 
Table 2. HEAT OF REACTfm OF COAL. . \ 

Raw Pretreated Low-Temp FTigh-Temp 
Coal Coal .' Residue Residue 

1.3 0.5 0.6 0.6 

52.0 63.5 77.6 71.6 
24.5 

- 
I 

\ 

\ 

34:6 ' 23.3 4.6 3.3 

-&& d% 1oo.o 17*2 m 
71: 2 
5.14 
1.23 
6.03 
4.19 

100 I 00 
1300 
1000 
$49.7 
50.6 

12!21. 

181% . 

70.1 ~ * 
3.70 ' 
1.37 *' 8.30 

-. 3.80 
12 * 73 
100.00 
1300 
1000 
47.2 
41.0 

1919 ' ,  

- 

I 

'76.9' 
2.05 
1.01 

2 .&I 
17 30 

1300 
1000 
27.3 
29.5 

0.55 , 

m37 

2432 

72.6 
1.08 
0.54 
0.00 
1.24. 
24.62 
100..00 
1300 \ 
1000 
28.8 , 
26.0, 

? 3078 

Temperature, Pres sure, Coal 'Carbob mR,, Btu/lb' 
Material OF p i a  I Reacted,% Gasified,$ coal'  reacts 

d 
Raw coa l  
Raw coa l  
Raw coa l  . 1300 
RZIT coal ,1300 
Raw coa l  1300 
Raw c o a l  1400 

?re t rea ted  coa l  1300 
Pretreated coa l  1300 
Pretreated coal 1300 
Pretreated coa l  1300 
Pretreated coa l  1300 
bw-temp residue 1300 
bw-temp residue 1300 
HiZh-temp residue 1300 

r. 

1000 
1000 
1000 
1000 
1000 
1000 

1000 
1000 
1000 
1000 
4000 

1000 
1000 
1000 

* 

7 -  

41.5 . -- 1300 / 

.52.4 50.7 8 1951 \ 

c 48.1 55.6 1788 
46.1 44.2 18 07 1 

52.2 '52.0 1723 

51.7 52.3 1775 
46.1 37.6 1935 $\ 

47.3 41.2 1717 
47.3 41.5 1844 
47.1 40.0 
48.3 45.0 212:; * - \ 
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Figure 5 .  TIME-rTEMPERATLTRE DATA FOR HEAT O F  REACTION OF 
HYDROGEN AND COAL 
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